Two pathways for glycerol dissimilation are present in Enterococcus faecalis. Either glycerol is first phosphorylated by glycerol kinase and then oxidized by glycerol-3-phosphate oxidase with molecular oxygen as the electron acceptor (GlpO/GlpK pathway), or it is first oxidized by glycerol dehydrogenase with NAD + as the acceptor of the reduction equivalents and then phosphorylated by dihydroxyacetone kinase (GldA/DhaK pathway). The final end product in both cases is dihydroxyacetone phosphate (DHAP). The genes of the GldA/DhaK pathway are present in a fourgene operon structure encoding GldA, a small hypothetical protein (EF1359), and two subunits of dihydroxyacetone kinase (DhaK and DhaL). We demonstrate in this study that protein EF1359 is part of a phosphorylation cascade which phosphorylates dihydroxyacetone in a phosphoenolpyruvate (PEP)-dependent reaction via EI, HPr, EF1359 and DhaLK. Furthermore we show that aerobic dissimilation of glycerol via the GldA/DhaK pathway is dependent on active NADH oxidase to regenerate NADH in Ent. faecalis. A refined model of the aerobic metabolism of glycerol via the GldA/DhaK pathway is presented.
INTRODUCTION
The main cellular role of the phosphoenolpyruvate (PEP) : carbohydrate phosphotransferase system (PTS) is to catalyse the uptake and concomitant phosphorylation of numerous carbohydrates (Deutscher et al., 2006) . The PTS is usually composed of the two general proteins EI and HPr and three or four sugar-specific proteins or domains (EIIA, EIIB, EIIC, and sometimes EIID). The PTS components EI, HPr, EIIA and EIIB form a phosphorylation cascade with PEP as phosphoryl donor. P~EIIB transfers its phosphoryl group to the carbohydrate bound to the corresponding membrane-integrated EIIC, and the resulting P-sugar is subsequently released into the cytoplasm (Deutscher et al., 2006) . In addition, an involvement of the PTS in the transport-independent phosphorylation of dihydroxyacetone (DHA) generated during glycerol catabolism has been demonstrated in Escherichia coli (Gutknecht et al., 2001) . Glycerol can be dissimilated by two biochemical modes in bacteria (Lin, 1976) . One begins with the ATP-dependent phosphorylation of glycerol by glycerol kinase (GlpK) to yield glycerol 3-phosphate (glycerol-3-P). The glycerol-3-P formed is then oxidized to dihydroxyacetone phosphate (DHAP). This reaction can be catalysed either by a glycerol-3-P dehydrogenase or by a glycerol-3-P oxidase (GlpO). The latter enzyme uses molecular oxygen as the electron sink, which leads to the formation of hydrogen peroxide (H 2 O 2 ) (Bizzini et al., 2010) . In the second pathway, glycerol is first oxidized to dihydroxyacetone (DHA) by glycerol dehydrogenase (GldA) using NAD + as the cofactor (Lin, 1976 ). The DHA formed is then phosphorylated to DHAP by a dihydroxyacetone kinase. These enzymes can be grouped into two families according to their phosphoryl donors (Erni et al., 2006) . The ATPdependent kinases occur mainly in eukaryotes but also in several eubacteria. The PEP-dependent enzymes are specific to eubacteria. The phosphotransfer cascade has been well studied in E. coli (Gutknecht et al., 2001) . The dhaK operon in this species comprises the three genes dhaK, dhaL and dhaM. The first two genes encode the two subunits of DHA kinase and the third a multidomain polypeptide with an EIIA Man -like domain followed by an HPr-like domain and a domain showing homology to the N-terminal part of EI (Gutknecht et al., 2001) . Based on genetic and in vitro phosphorylation experiments it has been concluded that the phosphoryl group of PEP is sequentially transferred via EI and HPr to the EI domain of DhaM. Due to a DhaM intramolecular phosphorelay, the phosphate group is then transferred to the HPr-like and subsequently to the EIIA Man -like domain. The final transfer steps involve phosphotransfer from DhaM to the ADP cofactor of the DhaL subunit of DHA kinase and from the presumed DhaL/ATP intermediate to DHA bound to the DhaK subunit (Gutknecht et al., 2001 ) (see Fig. 1 ).
Enterococcus faecalis is a ubiquitous low-GC-content Gram-positive bacterium and a natural member of the digestive microflora in humans and many other animals (Tannock & Cook, 2002; Aarestrup et al., 2002) . Although Ent. faecalis is harmless in healthy individuals, some strains become pathogens, mainly in hospitalized patients under prolonged antibiotic treatment, or in patients with severe underlying disease or with an impaired immune system (Mundy et al., 2000; Gilmore et al., 2002) . Glycerol seems to be an important carbon and energy source for Ent. faecalis, which belongs to those bacteria that are equipped with both pathways of glycerol dissimilation (Jacobs & Vandemark, 1960) . Under aerobic conditions, glycerol can be catabolized by both pathways, and the pathway preferentially used under these conditions is strain-dependent (Bizzini et al., 2010) . Under anaerobic conditions, however, only the glycerol dehydrogenase/DHA kinase (GldA/DhaK) pathway is functional (Bizzini et al., 2010) . The genes encoding these last activities are grouped in a four-gene operon structure. According to the TIGR database, one of the genes encodes a hypothetical protein of unknown function. It shows significant homology to the DhaM Ll protein of Lactococcus lactis (Zurbriggen et al., 2008) , which contains an EIIA domain of the mannose family of PTS. In analogy to E. coli it has been therefore proposed that DhaM Ll becomes phosphorylated by P His HPr and that P His DhaM Ll then phosporylates DhaL. We demonstrate in this communication that the Ent. faecalis polypeptide EF1359 is effectively part of a phosphotransfer from PEP to DHA. Furthermore, we show that the NADH oxidase of Ent. faecalis is essential for the dissimilation of glycerol via the GldA/DhaK pathway under aerobic conditions.
METHODS
Bacterial strains, plasmids and media. Strains and plasmids used in this study are listed in Table 1 . Overnight cultures of Ent. faecalis strains were performed in M17 medium (Terzaghi & Sandine, 1975) supplemented with 0.5 % (w/v) glucose (GM17). Growth experiments on 0.3 % (w/v) glycerol were realized with ccM17 MOPS medium prepared as previously described (Bizzini et al., 2010) . Experiments under aerobic conditions were performed in 150 ml Erlenmeyer flasks containing 15 ml medium and the cultures were incubated at 37 uC with vigorous agitation (160 r.p.m.) on a rotary shaker. When indicated, catalase from bovine liver (900 000 U ml
21
; Sigma) was added to the medium at a final concentration of 500 U ml 21 . E. coli strains (Table 1) were cultivated at 37 uC in LB medium with vigorous agitation and in the presence of appropriate antibiotics.
General molecular methods. PCR was carried out with Pfu polymerase (Stratagene), Triple Master Mix or Master Mix (5 Prime). Plasmids and PCR products were purified using NucleoSpin Plasmid and NucleoSpin Extract II kits, respectively (Macherey-Nagel). Other standard techniques were carried out as described by Sambrook et al. (1989) Construction of mutants. The nox gene (ef1586) was inactivated by integration of plasmid pUCB30 . Therefore, an internal fragment of nox was amplified by PCR using primers Noxfor and Noxrev (Table 1) and Ent. faecalis JH2-2 chromosomal DNA as template. The amplimer was then ligated into vector pUCB30, which is non-replicative in Ent. faecalis. The recombinant plasmid obtained after transformation of E. coli Top10F9 was used to transform competent cells of Ent. faecalis JH2-2 wild-type and DglpK mutant strains (Bizzini et al., 2010) . Erythromycin-resistant colonies were selected on agar plates containing 150 mg erythromycin ml -1 . Integration was verified by PCR analysis.
The EF1359His10A (EIIA Dha ) mutant was constructed by replacing the putative phosphorylatable histdyl residue in position 10 by alanine. Therefore, regions upstream and downstream from the site of mutation were amplified by PCR by using two pairs of primers, 1359Bfor/Mut1359rev and 1359Brev/Mut1359for (Table 1 ). The two amplified DNA fragments were used as template for a second PCR using primers 1359Bfor and 1359Brev (Table 1 ). The amplified DNA fragment was digested with SalI and NcoI restriction enzymes and ligated into plasmid pMAD cut beforehand with the same enzymes. The resulting plasmid was used to transform E. coli strain XL1-Blue and the cloned fragment was verified by sequencing. Plasmid pMAD-EF1359H10A was subsequently used to transform Ent. faecalis strain JH2.2 by electroporation. The allelic replacement was obtained by double recombination according to the protocol previously described (La Carbona et al., 2007) . The sequence of the EF1359 gene and the presence of the mutation were verified by sequencing.
Overexpression and purification of proteins. The Ent. faecalis proteins EF1359 (EIIA Dha ), EF1359His10A (EIIA Dha His10A), DhaL (EF1360) and DhaK (EF1361) were purified from E. coli using the Histag expression vector pQE30 (Qiagen). Genes were amplified with the primers listed in Table 1 ( DhaLfor and -rev, DhaKfor and -rev, 1359Afor and -rev) and ligated into the plasmid using the chromosomal DNA of Ent. faecalis strain JH2.2 or EF1359His10A as template. After transformation of E. coli M15pRep4 cells, synthesis of His-tagged proteins was induced with IPTG, followed by purification using Ni-NTA affinity chromatography (Macherey-Nagel). His-tagged HPr and EI from Bacillus subtilis were overproduced and purified by using plasmids pAG2 and pAG3, respectively (Galinier et al., 1997) .
Kinetics of phosphotransfer. The involvement of protein EF1359 in the PEP-dependent phosphorylation of DHA was tested by a Fig. 1 . Schematic representation of phosphotransfer.
coupled spectrophotometric method. The assay is based on the transfer of phosphate from PEP to DHAP via the phosporylation cascade composed of EI, HPr, EF1359, DhaL and DhaK proteins. The DHAP formed is then reduced by glycerol-3-P dehydrogenase in an NADH-dependent reaction to glycerol-3-P. The oxidation of NADH to NAD + can be monitored by the decrease of A 340 . The reaction mixtures (1 ml) contained 75 mM Tris/HCl, pH 7.4; 6 mM PEP; 1 mM NADH; 6 mM Dha; 10 mM MgCl 2 ; 1 U glycerol-3-P dehydrogenase; 30 mg EI; 35 mg HPr, 30 mg DhaK; 30 mg DhaL and 30 mg EF1359 or EF1359His10A. Reaction mixtures were prepared lacking the proteins EF1359 or EF1359His10A. After preincubation for 4 min at ambient temperature, the missing protein was added (arrow in Fig. 3 ) and the decrease of A 340 was followed for 30 min and compared with a reaction mixture which had not been complemented with the missing protein. Control experiments without the addition of one of the above-mentioned proteins other than EF1359 were also carried out.
Determination of H 2 O 2 concentrations. The production of H 2 O 2 was quantified using an Amplex Red Hydrogen Peroxide/Peroxidase Assay kit (Invitrogen, purchased from Fisher Scientific Bioblock) according to the instructions of the manufacturer. Briefly, at given time points, 1 ml culture was centrifuged and appropriately diluted (10-or 100-fold for lower or higher H 2 O 2 concentrations, respectively) with 16 reaction buffer so that the H 2 O 2 concentration in the assay was between 0.5 and 3 mM. In parallel, H 2 O 2 standard curves (0-5 mM H 2 O 2 ) were prepared using 10-or 100-fold-diluted ccM17MOPS medium supplemented with glycerol (dilution of the medium was done in 16 reaction buffer). Fluorescence was measured using a spectrofluorometer (JY3 D Jobin Yvon).
RESULTS AND DISCUSSION
EF1359 is part of a PEP-dependent DHA phosphorylation cascade
The genes encoding the enzymes of the GldA/DhaK pathway of Ent. faecalis are present in a four-gene operon structure encoding glycerol dehydrogenase (GldA, EF1358), a small hypothetical protein (EF1359) and the two subunits (DhaK, EF1360 and DhaL, EF1361) of DHA kinase (Bizzini et al., 2010) . BLAST analysis using the protein sequence of the small hypothetical polypeptide (EF1359) of the dhaK operon against the genome sequences of E. coli MG1655 and L. lactis IL1403 revealed around 30 % sequence identity with the N-terminal part (residues 1-128) of the multidomain DhaM EIIA-HPr-EI E. coli protein and DhaM Ll of L. lactis. The N terminus of the E. coli protein is similar to the Nterminal domain of the EIIAB Man subunit of the E. coli mannose transporter and contains a phosphorylatable histidine (Gutknecht et al., 2001) , which is also conserved in DhaM
Ll and EF1359. We therefore speculated that the 
Aerobic glycerol dissimilation in Enterococcus
Ent. faecalis DHA kinase might be phosphorylated as in E. coli in a PEP-dependent phosphotransfer reaction via EI, HPr and EF1359. To verify our hypothesis, we first constructed an ef1359 mutant derived from parental strain JH2-2 in which the conserved histidyl residue at position 10 was replaced with alanine using site-directed mutagenesis (EF1359H 10 A). The mutant strain, named ef1359His10A, was tested for growth on glycerol under aerobic and anaerobic conditions (Fig. 2a, b) . The mutant showed poor growth under aerobic conditions in comparison with the parent strain, demonstrating the importance of of EF1359 and especially His10 under these conditions (Fig. 2a) . It stopped growing after 8-10 h at a final OD 600 of around 0.6, whereas the wild-type strain reached a final OD 600 of .3. These results are comparable with those obtained previously with the JH2-2 DgldA mutant (Bizzini et al., 2010) . gldA is the first gene of the dhaK operon and encodes glycerol dehydrogenase. It has been shown that glycerol is dissimilated by both the GlpK and the DhaK pathways in strain JH2-2 under aerobic conditions (Bizzini et al., 2010) . In the gldA mutant, the DhaK pathway is not functional and glycerol is exclusively catabolized by the GlpK pathway. This leads to the accumulation of growth-inhibiting concentrations of H 2 O 2 generated by the glycerol-3-P oxidase (Bizzini et al., 2010) . Since growth of the ef1359H 10 A mutant was comparable with that of the DgldA mutant, we suspected that the DhaK pathway was not functional in this mutant and that glycerol was degraded via the GlpK pathway, leading to the accumulation of toxic H 2 O 2 . If this assumption was right, addition of catalase to the growth medium should lift the growth inhibition of the ef1359H 10 A strain. As shown in Fig. 2(a) , this was the case. This growth stimulation was not observed when heat-inactivated catalase was added (data not shown). Furthermore, the mutant strain should not be able to grow on glycerol under anaerobic conditions in the presence of fumarate, which was also true (Fig. 2b) .
To demonstrate that EF1359 is effectively part of the phosphotransfer cascade, an in vitro enzymic PEP-dependent DHA phosphorylation assay was carried out. All proteins involved in this transfer (EI, HPr, EF1359, EF1359H10A, DhaL and DhaK) were overexpressed in E. coli and purified. In this test, DHAP production is coupled to its NADHdependent reduction to glycerol-3-P by glycerol-3-P dehydrogenase. The reaction can be followed on a spectrophotometer at 340 nm by measuring the decrease of absorbance due to the NADH consumption (Fig. 3) . When PEP and all proteins presumably involved in the phosphotransfer (EI, HPr, EF1359, DhaL and DhaK) were present, the absorbance decreased rapidly, reflecting the NADH-dependent formation of glycerol-3-P and thus the phosphotransfer. Replacing EF1359 by EF1359H10A or omitting any other protein abolished the reaction. These combined results demonstrate that each protein acts as an essential element of this phosphorelay, that EF1359 is part of the phosphorylation cascade and that His10 is the phophorylation site. We therefore propose to name the EF1359 polypeptide after its function, i.e. EIIA Dha , and the corresponding gene dhaM.
NADH oxidase (Nox) is essential for aerobic growth on glycerol employing the DhaK pathway
We showed recently that under aerobic conditions the pathway preferentially used for glycerol catabolism is strain-dependent (Bizzini et al., 2010) . Some strains dissimilate glycerol mainly via the GlpK pathway and others nearly exclusively via the DhaK pathway. The JH2-2 strain was an exception because it catabolized glycerol simultaneously by both pathways. In contrast, under anaerobic conditions only the DhaK pathway was operative. However, under these conditions fumarate has to be added to the culture to allow growth on glycerol (Jacobs & Vandemark, 1960) . Dissimilation of glycerol to pyruvate using the DhaK pathway and the subsequent reactions of the lower part of glycolysis lead to the formation of two NADH per glycerol. One of these two reduced cofactor molecules can be reoxidized by the reduction of pyruvate to lactate by lactate dehydrogenase. The second cofactor molecule is thought to be oxidized by a putative membrane-bound NADH : quinone oxidoreductase. The electrons are then transferred to fumarate via fumarate reductase, leading to the synthesis of succinate, which accumulates in the culture broth (Jacobs & Vandemark, 1960) . The requirement of an electron acceptor to regenerate NADH under anoxic conditions led us to wonder how cofactor regeneration is achieved in the JH2-2 DglpK mutant or in those strains (represented by Ent. faecalis TX0104) that preferentially use the DhaK pathway under aerobic conditions (Bizzini et al., 2010) . Ent. faecalis harbours an NADH oxidase (EF1586 in the TIGR database; http://www.jcvi.org/), which reduces molecular oxygen to water by oxidizing NADH to NAD + (Huycke, 2002) ; this enzyme was therefore a prime candidate. The corresponding gene, very likely organized as a monocistronic operon, was inactivated by integration of a plasmid into the genome of the wild-type strain as well as the DglpK mutant, giving rise to the single nox : : erm mutant and the double mutant DglpK/nox : : erm. As can be seen from Fig. 4 , the nox : : erm mutant exhibited a very slow growth rate and virtually stopped growing after 10 h of culture, strongly suggesting that glycerol cannot be metabolized via the dhaK pathway in this mutant. If true, glycerol would mainly be metabolized via the GlpK pathway and this should lead to an accumulation of H 2 O 2 in the culture medium. Indeed, measurement of the extracellular , which is reduced to NADH. The reduced cofactor is reoxidized by NADH oxidase (Nox), which transfers the electrons to molecular oxygen, and water is formed in this reaction. The DHA is then phosphorylated by dihydroxyacetone kinase (DhaKL) in a PEP-dependent phosphorylation cascade composed of EI, HPr and EIIA Dha (EF1359). DHAP enters the lower part of glycolysis and the PEP formed is used for the phosphorylation cascade to DhaKL. The energy yield should therefore be reduced to one ATP per glycerol instead of the two ATPs generated usually.
H 2 O 2 concentration showed that peroxide accumulated to 300 and 240 mM after 6 and 10 h of culture, respectively. To demonstrate that these peroxide concentrations were growth-inhibitory for the mutant, sterile catalase was added to the culture medium. In the presence of active catalase, the nox : : erm mutant grew as efficiently on glycerol as the wildtype strain (Fig. 4) . This growth stimulation was not observed when heat-inactivated catalase was added (data not shown). The combined results strongly suggest that NADH is reoxidized by the NADH oxidase. If this hypothesis was correct, one would expect that a DglpK/nox : : erm double mutant would not grow on glycerol under aerobic conditions, and this was indeed confirmed by our results (Fig. 4) .
The combined results presented in this work allow a refinement of the model of the aerobic metabolism of glycerol via the glycerol dehydrogenase/DHA kinase pathway (Fig. 5) . The NADH generated in the reaction catalysed by GldA is reoxidized by the NADH oxidase (Nox). The DHA formed in this reaction is then phosphorylated by DHA kinase in a PEP-, EI-, HPr-and EF1359 (EIIA Dha )-dependent phosphotransfer cascade. DHAP then enters the lower part of glycolysis. The global energy yield should be reduced to one ATP instead of two per pyruvate formed, since the phosphoryl group of PEP is used for the phosphotransfer cascade to phosphorylate DHA.
